In tobacco (Nicotiana Tabacum) pith, sweet potato (Ipomnoea batatas), and carrot (Daucus carota) storage roots, differences were found between cell wall and protoplast peroxidases in their isoenzyme patterns, activity, and reaction to tissue injury.
In the pith of elongating tobacco internodes, 90% of total activity was associated with the walls, 80% of which was due to the ionically and covalently bound fractions. With senescence, the increase in activity occurred mainly in the protoplast and the free fraction in the walls. The major protoplast isoperoxidases formed the free wail fraction, and the minor ones formed the wail bound fractions. The minor isoperoxidases were the only ones whose activities were affected by cut injury. Neither senescence nor injury caused qualitative changes in the cell isoperoxidase pattern. In the potato root cells, the isoperoxidases were also distinctive in their distribution and in their reactions to injury as well as to ethylene.
In potato and carrot roots, the wall fractions contributed 30 and 95 %, respectively, to total peroxidase activity. The injury-induced increase in peroxidase activity occurred mainly in the protoplast of tobacco pith and potato roots and almost entirely in the ionically bound fraction of the walls in carrot roots. Ethylene stimulated peroxidase development in potato roots, especially in the protoplast, but had no effect in either tobacco pith or carrot roots. Ethylene did not affect the inhibiting action of indoleacetic acid on peroxidase activity in tobacco pith, nor did indoleacetic acid significantly affect the stimulating action of ethylene in potato roots.
Actinomycin D inhibited the injury-dependent development of peroxidase in tobacco pith, stimulated the injury-and ethylene-dependent peroxidase development in potato root, and had no effect on peroxidase development in carrot root. Cycloheximide prevented the increase in peroxidase activity in tobacco pith and potato root, but not in the carrot root. Thus, the enhancement of peroxidase activity resulted from either enzyme activation exclusively or front enzyme synthesis. RNA synthesis seems to be only indirectly related to isoperoxidase synthesis caused bv injury or ethylene.
Previous investigation (5) has shown that sweet potato root parenchyma and tobacco stem pith, both known to increase in peroxidase activity after excision, differed from each other in their isoperoxidase patterns and in the peroxidase reaction to cut-injury, exogenous ethylene, or IAA. It was also observed that, in contrast to its effects on tobacco pith, actinomycin D did not inhibit injury-dependent peroxidase development in sweet potato roots. We postulated that peroxidase reactions to ethylene and cut-injury are independent and that differences between tissues in their reaction to ethylene may depend on the presence or absence of isoperoxidases sensitive to ethylene.
All previous findings were limited to the peroxidase fraction extractable with 0.05 M phosphate buffer from frozen-thawed tissue. The presence of peroxidase in cell walls, especially in the ionically or covalently bound form, has been well established (3, 11, 25, 31) and its possible involvement in cell wall lignification and extensibility has been discussed in detail (10, 20, 32, 35) . Therefore, we extended our comparative studies to include the cell wall isoperoxidase fractions. This report deals with the interaction between injury and IAA, cycloheximide, or actinomycin D in the development of the soluble and cell wall bound isoperoxidases in the presence or absence of added ethylene or in the presence of mercuric perchlorate used to remove endogenous ethylene. The reported lack of reaction of carrot root-soluble peroxidase to added ethylene, in contrast to sweet potato root (36) , prompted us to include the carrot root in this study. Special attention has been paid to the free peroxidase fraction in tobacco pith cell walls, since a significant release of the enzyme from this tissue into the incubation media was observed in previous experiments (5, 6) .
MATERIALS AND METHODS
Greenhouse-grown tobacco plants (Nicotiana tabacum) were studied at the 10 to 12 or 27 to 28 internode stage prior to bud formation. Healthy sweet potato (Ipomoea batatas) and carrot (Daucus carota) roots were purchased locally.
In most experiments, the tobacco pith and sweet potato root parenchyma were aseptically removed with a cork borer and cut into 3-mm thick sections. The epidermis was removed from the carrot root which was then cut into discs. The sections were thoroughly washed with water immediately after excision, blotted dry, and incubated in H20, IAA (0.2 mm, pH 6.4), actinomycin D (4, 10, or 20 ,ug/ml), or cycloheximide (5 ,ug/ml) solutions for 60 min. After incubation the tissue was kept on nylon mesh screens in humidified, air-tight, 750 ml Plexiglas boxes for 24 hr in darkness. During this period the sections were exposed to air in the presence or absence of 0.25 M mercuric perchlorate or to air with ethylene (100 jul/l) added.
After treatment the tissue was frozen. In experiments in which the free peroxidase fraction was isolated from the cell walls, the method of Abeles et al. ( (15, 28, 40) were less effective than with 1 M NaCl. A solution of 0.1 M sodium acetate buffer, pH 5.5, containing 0.5% cellulase and 2.5% pectinase (31) was used overnight at 25 C from one to three times in order to lyse the cell wall and release covalently bound isoperoxidases. The pellets were thoroughly washed with water after each treatment. An estimation was made of the peroxidase activity remaining in the wall debris. In the tobacco pith and carrot root debris, the residual activity varied between 4 and 17% of the total activity released into the enzyme solutions, whereas in the sweet potato root debris, it was much higher. The activities of the debris were included in the covalently bound fraction.
Peroxidase determination, electrophoresis, and isoperoxidase scanning were carried out as in previous experiments (6) . Before electrophoresis the NaCl and cellulase and pectinase extracts were sufficiently diluted to prevent interference with the mobility of isoperoxidases. Incubation of the protoplast extracts with the cellulase and pectinase solution at the initial concentrations, followed by appropriate dilution, did not change the isoperoxidase spectrum or electrophoretic mobility.
RESULTS
Tobacco Pith. Immediately after excision, the protoplast and total wall peroxidase fractions in the old internodes had 70-and 10-fold higher activities, respectively, than those in the very young still elongating internodes (Table I ). The protoplast fraction constituted 10 and 40% of the total cell peroxidase in the young and old internodes, respectively. The free peroxidase, extracted after vacuum infiltration, showed activities similar to or higher than those of the protoplast fractions. The ionically and covalently bound wall fractions amounted to 17 and 60%, respectively, of the total cell peroxidase in the young and 4 and 14% of that in the old pith.
The protoplast fractions contained all previously detected cathodic Cl-C5 and anodic A1-A8 isoperoxidases (Table II) . The activity of the fast moving A4-A8 bands amounted to 60 and 93% of the total protoplast peroxidase activity in the young and old tissue, respectively. The free peroxidase in the cell walls of the young pith consisted of 95% A4-A8 bands, while in the walls of old pith, it consisted of A4-A8 only.
The A4-A8 isoperoxidases were not detected at all or were detected only in traces (A4) in the wall bound fractions in either young or old pith. The activity of C1-C4 amounted to 80 and 55% that of the ionically bound and 45 and 12% that of the covalently bound fractions in the young and old tissues, respectively. The C4 band was hardly detectable in the covalently bound fraction. Instead, a C4., band was localized between C4 and C5 after electrophoresis. In addition, there was a broad band between A3 and A4 which contributed 15 and 60% to the covalently bound fraction of the young and old pith, respectively.
After a 25-hr exposure to air, the protoplast C3 or A4-A8 isoperoxidases showed no significant increases in either pith sections; whereas the activities of the remaining isoenzymes increased sharply in the protoplasts of the young as well as old tissues. The free wall peroxidase of the old pith did not change 2 The peroxidase activity found in the solutions after tissue incubation ranged between 72-84 AA/min g fresh weight. In the absence of exogenous ethylene and regardless of the presence of mercury perchlorate, the inhibiting effects of IAA, cycloheximide, and actinomycin D on the development of protoplast peroxidase were similar to those observed previously (5) . The increases in the wall bound fractions were also partially or fully prevented; cycloheximide had the strongest and IAA the weakest inhibiting effect. Exposure of the treated or untreated sections to ethylene for 24 hr did not affect the reaction of their peroxidases.
The pattern of cell isoperoxidases and their reaction to cutinjury and ethylene in the pith of young plants were similar to those observed in the older plants.
Sweet Potato Roots. The free wall peroxidase activity in the tissue sections was less than 6 to 8% of the protoplast fraction immediately after excision and did not change much after a 25-hr tissue exposure to air. Combined activities of both fractions, which at time zero amounted to about 70% of the total cell peroxidase activity, are presented in Table III . No significant release of isoperoxidases into the incubation media was observed.
Peroxidase development in tissue incubated in water prior to a 24-hr exposure to air with or without ethylene was similar to that found in unincubated tissue. As expected, root parenchyma incubated in water reacted to cut-injury with a significant increase in peroxidase activity when exposed to air in the presence of mercuric perchlorate. However, the increase in total cell peroxidase activity was 55 and 340% greater in the presence of endogenous and exogenous ethylene, respectively. In all these cases, it was the soluble fraction which showed the greatest increase. The ionically bound wall peroxidase increased mainly in response to injury; in the absence of mercury perchlorate or in the presence of added ethylene, the increases was found in the debris of other treatments. As previously reported, eight anodic and one cathodic isoperoxidase bands were found in the soluble fraction immediately after excision, and two additional, injury-induced cathodic bands were found 25 hr later (Table IV ethylene alone in a similar manner as they did to exogenous ethylene, although to a much smaller extent.
In the ionically bound wall fraction, the activities of Cl and Al ranged between 58 to 65 and 35 to 43%, respectively, 24 hr after exposure to air in the presence or absence of ethylene. In the released covalently bound fraction, 65 to 75% of the activity was due to A.,, 15 to 20% to Al, and 10 to 12% to Cl bands.
The inhibiting effect of IAA on the soluble isoperoxidase development was weak, especially in the absence of ethylene. IAA had no effect on the development of the ionically bound wall peroxidase fraction and had a very weak inhibiting effect, if any, on the covalently bound wall isoperoxidases. Cycloheximide inhihited the development of all soluble isoperoxidases, but to the least extent the Cl-Al bands in the absence of ethylene, and, in addition, the A7-A8 bands in its presence. The increases in the ionically and covalently bound wall fractions were also partially prevented by this inhibitor.
Actinomycin D, applied at 4, 10, or 20 ,ug/ml significantly enhanced, rather than inhibited, the development of soluble peroxidase and the wall bound peroxidase, especially the ionically bound fraction. The greatest increases were observed when actinomycin D was applied at 10 [kg/ml immediately after excision. All ethylene-or injury-enhanced and injuryinduced isoperoxidases reacted to actinomycin D. However, the increase in activity of the injury-induced isoenzymes was the weakest.
Carrot Roots. The free cell wall peroxidase fraction showed no significant activity. Immediately and 25 hr after excision, the protoplast as well as the wall-bound fractions contained only three isoperoxidases, namely Cl and Al with mobilities similar to those of corresponding bands found in the sweet potato root, and C2 showing a mobility similar to that of the tobacco pith C4 band. At time zero, the protoplast fraction contributed only 5% to the total cell peroxidase activity and changed only slightly 25 hr later (Fig. 1) regardless of the treatments applied. The ionically bound wall fraction, which initially contributed more than 50% of the total cell peroxidase, sharply increased in activity 25 hr after excision mainly due to an increase in Al and C2 activities. No significant changes in the activity of the covalently bound fraction were found. Neither ethylene nor IAA, cycloheximide, or actinomycin D, applied separately or together, had any significant effect on peroxidase development in the tissue after excision.
DISCUSSION
As already reported, the tobacco pith soluble fraction contained five fast moving anodic isoperoxidases in both the upper and lower internodes. The additional 4 to 5 cathodic and 2 to 3 anodic isoenzymes, sometimes detectable in traces in the soluble fraction of the young pith at time zero, were previously included, not in the constitutive isoperoxidases, but in the "new" injury-induced ones. However, removal of the free wall peroxidase fraction permitted the detection of these isoperoxidases in measurable amounts in the protoplast of both young and old tissue. These were the only protoplast isoperoxidases found in the wall bound fraction at time zero. Thus, neither senescence nor cut-injury induced any significant qualitative changes in the isoperoxidase pattern of the pith cells.
The C34 and C4,-bands were detected only in the wall fractions of the 24-hr aged and 0-and 24-hr aged pith sections, respectively. However, they were found in measurable amounts when C4 was not detected, or detected only in traces. More detailed examination is needed to establish whether these two bands are essentially different from the C4 band; and, if different, whether or not C3,4 is, in fact, an injury-induced isoperoxidase rather than an injury-enhanced one. The latter question may also be related to the C2-C3 isoperoxidases of the 24-hr aged sweet potato root sections. An anodic band with a different mobility, but characteristic only of the covalently bound wall fraction, was found in both tobacco pith and sweet potato roots. A similar but cathodic band at pH 8.6 was also reported to be present in the walls of pea stem cells and to have unique properties different from those of the soluble and ionically bound wall isoperoxidases (32) .
The distribution of isoperoxidases between the protoplast and wall bound fractions in the tobacco pith and in potato roots support the repeatedly claimed possibility of differences in the function of particular isoperoxidases or isoperoxidase groups in the cell; the question is raised whether one has to deal with different isoenzymes or different enzymes (9) . The reported function of peroxidase as lignin polymerase (21) Contrary to what was expected, the greatest portion (80% and more) of the cell peroxidase was bound to the walls of the very young elongating pith cells. With senescence, the increase in the activity of this fraction/g fresh weight was small compared with that in the protoplast fraction; and no decrease in the ionically bound wall fraction was observed in the older cells as reported for developing pear fruits (28) . In the storage potato and carrot roots, about 30 and 95%, respectively, of the total cell peroxidase was bound to the walls. In all species and regardless of the tissue age (tobacco), some isoperoxidases showed a selective preference for the cell wall of the intact tissue. Possible artifacts during extraction do not seem to affect significantly the isoperoxidase distribution. About 70 to 80 and 80 to 100% of the total cell ascorbate oxidase was reported to be bound to the cell walls in barley root tips and expanded cabbage leaves, respectively (19) . It is possible that the wall bound peroxidase, especially in vivo, differs in its activity from that observed after the enzyme is released. However, when tested, the activity of the wall debris before incubation with cellulase and pectinase did not differ markedly from the activities of the total extract and debris after incubation. No differences in the activity of horseradish peroxidase were found between its free form and that bound to carboxymethylcellulose microgranules (39) .
A very high level of free peroxidase in the walls was found only in the tobacco pith. The fact that it consisted almost entirely of the fast moving anodic isoperoxidases indicates that these isoenzymes occur in the protoplast mostly in the free and not membrane-bound form, the cell membrane is highly permeable to these isoenzymes, and that they are not able to form complexes with the cell walls of young as well as old pith cells.
The high permeability of animal and plant cell membranes to peroxidase is well known. Peroxidases have been used as tracer proteins in cytochemical and histochemical studies (16, 17) . Peroxidase is known to leak into the medium even from intact plants (4), the release from the cell walls apparently being a diffusion process similar to that observed with a-amylase (37) . However, this study shows that the movement of isoperoxidases across the cell membrane and/or their ability to bind to the cell wall is selective. In contrast to A4-A8, the injury-enhanced isoperoxidases, which are typical for the wall bound fraction in intact tissue, may be to a great extent bound to or isolated by membranes in the protoplast; their transport across the cell membrane may also differ from that of A4-A8.
All three species reacted to cut-injury with an increase in peroxidase activity; but only sweet potato roots reacted to ethylene as well, confirming that the peroxidase reactions to injury and ethylene are not necessarily related to each other.
Intact and sliced carrot roots are known to show increases in isocoumarin synthesis (8) or phenylalanine ammonialyase activity (7) when treated with ethylene. The lack of peroxidase or phenolase reaction to ethylene in carrot, parsnip, or swede roots has been related to the very low level of phenolic compounds in these species (29, 36) . However, this explanation cannot be applied to tobacco in which phenolic compounds are distributed throughout the whole plant (34) , and it can hardly be applied to carrot roots which did increase peroxidase activity in response to injury. This study confirms our previous findings that ethylene affects only specific isoperoxidases, which may or may not react to cut-injury, and supports our postulation that the presence or absence of these isoenzymes in the tissue determines the effect of ethylene on peroxidase activity. The stimulation of peroxidase development by gamma irradiation in sweet potato is also thought to be independent of ethylene effect (27) .
It has recently been reported that in cut-injured sweet potato roots ethylene is partly involved in the induction of isoperoxidase H which may participate in lignin formation (22) . This isoenzyme corresponds to the band designated here as C2 which, however, is hardly controlled by ethylene and appears almost entirely in the protoplast. Therefore, its involvement in lignin formation is rather doubtful.
In tobacco pith, IAA did not increase the activity of any wall isoperoxidase as reported for Nicotiana (24) . Ethylene had no effect on the inhibiting action of IAA on peroxidase development. In sweet potato roots, the interaction between IAA and ethylene, if any, was relatively weak and mainly limited to soluble isoperoxidases.
The reaction of carrot root sections shows that injury-dependent peroxidase development may be due solely to enzyme activation which is not affected by IAA or ethylene. However, the peroxidase development in tobacco and sweet potato is entirely or mostly due to de novo protein synthesis. This was confirmed for sweet potato using labeled leucine (33) . The inhibiting effect of actinomycin D on peroxidase development in tobacco pith cannot be related to an inhibition of synthesis of qualitatively new mRNAs specific for particular injury-dependent isoperoxidases since the latter were present in the tissue at time zero. The effect of actinomycin D might be explained by the inhibition of synthesis of these specific mRNA molecules if they had a high turnover rate. However, actinomycin D had no significant effect on peroxidase development in pith sections when applied at 6 or 12 hr after excision (5) . The effect of actinomycin D in tobacco may be due rather to an inhibited synthesis of RNA not directly related to peroxidase but involved in the mechanism which is triggered by injury.
Gahagan et al. (13) reported an inhibition (24-30%) of peroxidase development in sweet potato root sections vacuum infiltrated with actinomycin D at 100 ig/ml. The lack of inhibition by actinomycin D applied at 4 to 20 ,ug/ml for 1 hr could result from a high resistance of the tissue to this inhibitor. However, the observed stimulating effect of actinomycin D suggests that the reported inhibition was due to the effects of actinomycin D on processes not dependent on RNA synthesis. A stimulation of injury-induced peroxidase development by actinomycin D has been reported for oat leaves (26) and pea stems (30) .
In this study, actinomycin D did stimulate the injury-dependent peroxidase development in sweet potato; but its effect on the ethylene-dependent peroxidase was significantly greater. Not enough information is available to permit speculation on the possible modes of actinomycin D action in tissue response to ethylene or injury or both. A better understanding of the basic mechanisms triggered by injuries in plant tissues would help in elucidating the peroxidase reactions. The possible involvement of DNA synthesis, which has been reported to start in potato tuber sections with less than a 6-hr lag phase after cutting (38) , and wound-induced proteinase inhibitors (18) , and the presence of peroxidase or peroxidase synthesis inhibitors (15, 23, 30) should be taken into consideration. 
